Preclinical results suggest therapeutic potential of mild hyperbilirubinemia in T2DM and cardiovascular disease. Translational data are limited, because an appropriate bilirubin formulation for parenteral human use is lacking. Considering its use in both clinical practice and medical research in the past, we explored the feasibility to reintroduce parenteral bilirubin for translational experiments.
Introduction
Though commonly seen as a harmful residual product from the breakdown of haeme, bilirubin was already demonstrated to possess antioxidant capacities in 1954 [1] . Ever since, a wide variety of in vitro and animal studies have been published on the protecting antioxidant, anti-inflammatory and antifibrotic effects of both bilirubin and haeme oxygenase (HO), the rate-limiting enzyme in bilirubin formation [2, 3] . Numerous observational studies have demonstrated an inverse association between bilirubin concentrations and cardiovascular disease in humans [4] . Therefore, both the induction of a mild hyperbilirubinaemia and the enhancement of HO activity have been suggested for the treatment of a variety of diseases, including type 2 diabetes mellitus (T2DM) and related cardiovascular disorders [2, 5, 6] . In the case of cardiovascular disease, translational research is enabled by several well-established measures of endothelium function as surrogate endpoints [7] . Using the perfused forearm technique, we previously succeeded to improve endothelial function and plasma antioxidant capacity in subjects with T2DM by a short-term treatment with the plasma bilirubin-increasing drug atazanavir [8] . Additional experiments are needed to invigorate these promising findings in the atazanavir model.
Though opportune for translational and clinical studies that require a steady elevation of bilirubin plasma levels, in proof of concept studies the use of atazanavir hampers the attribution of observed effects to bilirubin as atazanavir itself might influence the outcome too. In addition, the atazanavir model does not enable the dose-response relationship of bilirubin to be investigated. The availability of a bilirubin formulation that is suitable for parenteral human use would significantly facilitate the design of such experiments.
In the past, intravenous administration of bilirubin was commonly applied in human research and clinical practice (see Table 1 ). After 1981, however, no new data on the experimental use of bilirubin in humans was published. Subsequent to an extensive literature study on the former preparation and parenteral use of bilirubin, we developed a production method meeting current standards of good manufacturing practice (GMP). In addition to the intravenous use of the preparation, we also studied its applicability for intra-arterial administration in the perfused forearm model. Here, we present the method of preparation and the first results on its intravenous and intra-arterial application in healthy volunteers, including data on its pharmacokinetics and safety. For their exploratory nature, these data are supported by the context of extensive pharmacokinetic and safety data from former reports on the parenteral human use of bilirubin.
Methods

Preparation
Bilirubin concentrate for infusion (6 mg ml À1 , 10 ml vials) for parenteral use in the clinical trial was produced compliant with GMP at the Department of Pharmacy of the Radboud University Medical Center, Nijmegen, The Netherlands. All chemicals were commercially available and used as obtained. All materials were approved on the basis of in-house quality controls and their suppliers were qualified. The aseptic production process was validated by means of media fills. The drug substance was acquired from Sigma Aldrich (Zwijndrecht, The Netherlands) as bilirubin ≥98% powder. The drug substance was tested for identity, purity, content with spectrophotometric and chemical analysis, and endotoxins with the Limulus Amoebocyte Lysate (LAL) test. The drug product was prepared by dissolving 6 g of bilirubin and 4 g of sodium hydroxide (Spruyt Hillen, IJsselstein, The Netherlands) in 1 l of water for injections. After dissolving, the solution was purged with nitrogen, filtered through a Sartopore 2 XLI (0.35 + 0.2 μm) sterile filter (Sartorius AG, Goettingen, Germany) and, subsequently, sterile vials were filled with 10.2 ml of liquid under a continuous flow of nitrogen. This was carried out at the Department of Pharmacy at the Erasmus Medical Center in Rotterdam, The Netherlands. Quality control and release of the product was performed at the Department of Clinical Pharmacy, Radboud University Medical Center. The drug product was tested for the microbiological aspects bioburden, sterility and endotoxins. Furthermore, labelling, volume, pH, identity and content as well particulate contamination were assessed compliant with European Pharmacopoeia requirements for parenteral preparations. The identity and content was assessed by means of a validated high performance liquid chromatography assay with ultraviolet detection (HPLC-UV). Prospective stability studies showed a stability of the product for 12 months at À20°C. The final formulation consisted of bilirubin at 6 mg ml À1 in 0.1 M sodium hydroxide with a pH >10. Shortly before administration, the product was passed through a 0.2 μm filter and diluted with human albumin 200 mg ml
À1
intravenous solution (Albuman ® , Sanquin Plasma Products, 
Study design
The applicability of our final bilirubin formulation was evaluated in eight healthy volunteers and included the exploration of its pharmacokinetics and safety to verify the results from our review of former reports. Subjects had to be at least 18 and no older than 65 years of age and were not allowed to have a positive history of smoking, drug abuse or liver disease. Women of child-bearing potential were included only if adequate contraceptive measures had been taken. Except for contraceptives, any use of medication was prohibited. After signing informed consent, all volunteers were screened by means of a complete medical history, physical examination and a limited laboratory evaluation including blood count, renal function and liver enzymes. Subjects with any sign of active disease or laboratory results exceeding twice the upper limit of normal range were excluded. To avoid inclusion of subjects with Gilbert syndrome, baseline plasma levels of total bilirubin were not allowed to surpass 10 μmol l À1 (0.58 mg dl
À1
). The experimental design is depicted in Figure 1 . For safety reasons, the study protocol initially consisted of a two-stage design. Both stages were separated by a safety evaluation to enable adjustment of the second stage protocol if needed.
During the experiment, a third stage was added to explore bilirubin plasma kinetics after a short high dose intravenous infusion. Intra-arterial and intravenous dose schedules were adjusted to forearm volume and total body weight, respectively. In all three stages of the protocol, subjects were studied in succession with at least 1 week in between.
During the first intra-arterial stage of the protocol, we aimed for a local increase in bilirubin concentration in the forearm vascular bed without a significant rise of systemic levels. Four increasing doses of bilirubin were infused in the brachial artery, each during 20 min. Based on the assumption of an average brachial artery flow of 2 ml À1 min dl À1 of forearm volume, the lowest intra-arterial dosage of 1. ). Venous plasma samples were taken every 5 min from both the ipsilateral and the contralateral arm to assess local as well as systemic changes of bilirubin plasma concentration.
During the second stage we aimed for a systemic hyperbilirubinemia. Each of the three intravenous bolus injections was administered over a period of 5 min, followed by a 15 min pause. As others have reported an increase of approximately 30 (range 24-38) μmol l À1 after a single bolus injection of 70 mg [9] , we estimated that a single bolus of 233 mg bilirubin would cause an increase in plasma bilirubin level of 100 μmol l À1 . For safety reasons and the reported range, we lowered this maximum dose to 200 mg corresponding to an expected average rise of 88 μmol l À1 . To enable adjustment to body weight we redefined this maximum dose During the third phase, we explored the pharmacokinetics of bilirubin upon a single intravenous bolus of the maximum dosage of 2.9 mg kg À1 body weight administered over 15 min. Subsequently, plasma bilirubin concentrations were measured frequently over a total period of 6 h. The length of interval between sampling was increased during observation and varied from 5 min immediately upon administration to a maximum of 30 min from the second hour of observation. During all three stages, heart rate, blood pressure, respiratory rate and body temperature were monitored. All complaints mentioned during participation were listed. After treatment, subjects visited the research unit on days 1, 2 and 7 to check for side effects. Two weeks after participation, subjects underwent a complete medical screening.
Haematological parameters were assessed using an ADVIA 120 Hemalog (Bayer Diagnostic, Tarrytown, NY, USA) and Figure 1 Study design. Bilirubin dosage was adjusted to individual forearm volume in phase 1 and body weight in phases 2 and 3. Grey bars indicate the time of infusion of bilirubin. Venous blood was sampled from the contralateral arm and in phase 1 also from the ipsilateral arm chemical parameters including both direct (i.e. conjugated) and total bilirubin concentrations were determined using an Aeroset (Abbott Laboratories, Abbott Park, IL, USA). For bilirubin concentrations above 5 μmol l À1 , precision of the measurement was characterized by a coefficient of variation (CV) of 20%. Below 5 μmol l À1 , which concerned seven samples of total bilirubin, the CV was much higher than 20% and therefore these results were excluded. The initial study protocol and all interim modifications were approved by the local medical research ethics committee (CMO Regio Arnhem-Nijmegen) and consistent with the Declaration of Helsinki. In addition, we appointed an independent safety monitor and scheduled frequent meetings to discuss all safety data.
Statistics
In general, descriptive data are presented as mean (±SD). All plasma concentrations of bilirubin presented are total (conjugated and unconjugated) bilirubin plasma concentrations. Changes in plasma concentration of total bilirubin upon intra-arterial or intravenous infusion are depicted as delta. For the intra-arterial infusion in the first phase of our experiment, the delta reflects the local rise in plasma bilirubin in the forearm vascular bed per dose calculated by the difference between the venous bilirubin concentration in the forearm of administration and the contemporary systemic bilirubin concentration (i.e. the venous bilirubin concentration in the contralateral forearm) at the end of the 20 min infusion period of the dose concerned. For the intravenous infusion in the second phase of our experiment, the delta reflects the systemic rise in plasma bilirubin upon each of the three bolus infusions calculated by the difference between the highest plasma bilirubin concentration observed after each bolus infusion and the baseline concentration observed at the start of the 5 min infusion period of the dose concerned. The individual plasma concentration-time profiles obtained during the third phase of our experiment are depicted in Figure 2 .
For pharmacokinetic analysis, plasma concentration-time data of total bilirubin were analysed with use of WinNonlin (version 6.3; Pharsight, Mountain View, CA, USA) by weighted (1/y) nonlinear regression analysis according to a twocompartment model with short intravenous infusion, first-order elimination, and a constant endogenous baseline concentration of bilirubin. The following pharmacokinetic parameters were obtained (Table 4) A summary of supporting pharmacokinetic and safety information from the prior parenteral human use of bilirubin is provided in Table 1 .
Nomenclature of targets and ligands
Key ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [10] .
Results
Subject screening
As a result of the interim amendment of our protocol, subjects were recruited on two occasions prior to both the first and the additional third phase of the study. In total, 13 subjects were screened, four of which were excluded because of an elevated plasma bilirubin concentration at baseline. The remaining nine subjects were all suitable for inclusion in our study. Eight of them actually participated in the experiments. Five subjects (2 male, 3 female) participated in the intra-arterial dosing experiment (phase 1) and four
Figure 2
Plasma concentration-time curves of bilirubin after short intravenous infusion of 2.9 mg kg À1 in three healthy male subjects (F, G and H)
(1 male, 3 female) also participated in the intravenous dosing experiment (phase 2). Subject B (male) was willing but, for logistical reasons, unable to participate in phase 2. The course of the plasma concentration of bilirubin upon a single intravenous bolus infusion (phase 3) was studied in three other subjects (all male). All participating subjects were without any active disease. All three female participants used oral contraceptive medication. The average age of the subjects was 21.5 years (range 19-27).
Intra-arterial (phase 1) and intravenous (phase 2) dosing studies
Although both total and direct bilirubin levels were measured, parenteral administration of our formulation consisting of unconjugated bilirubin bound to albumin, almost exclusively increased total bilirubin levels and hardly affected the plasma levels of direct (conjugated) bilirubin. The local rise of plasma total bilirubin concentration in the forearm vascular bed in response to intra-arterial administration is depicted in Table 2 . During the first intra-arterial experiments, we experienced technical difficulties. Because of unsuccessful cannulation of the brachial artery during the very first experiment, we decided to administer bilirubin intravenously instead. Consequently, only systemic concentrations and safety data are presented for the first subject. Dislocation of the intra-arterial needle (second experiment) and temporary obstruction of the sampling system (third experiment) accounted for the remainder of missing values. The intra-arterial bilirubin dosage needed to increase the local plasma bilirubin concentration in the forearm vascular bed by 1 μmol l À1 amounted to 1.44, 0.75, 0.82 and 0.71 μg min À1 dl À1 of forearm tissue on average for the four subsequent intra-arterial infusions, respectively. The systemic rise of plasma bilirubin concentration in response to intravenous bolus infusion is depicted in Table 3 . The intravenous dosage needed to increase the systemic plasma concentration by 1 μmol l À1 amounted to 0.041 (0.005) mg bilirubin per kg body weight on average.
Pharmacokinetic parameters (phase 3)
The pharmacokinetic characteristics of total bilirubin obtained during the third and final phase of our experiments are depicted in Figure 2 and Table 4 . The plasma concentration-time curves could be described best by an open two-compartment model, taking the endogenous baseline concentration of total bilirubin into account. The delta resembles the local rise of plasma bilirubin concentration in the forearm per intra-arterial dose and is depicted by the difference between the venous bilirubin concentration in the forearm of administration and the contemporary systemic bilirubin concentration in the contralateral forearm at the end of the 20 min infusion period of the dose concerned. FAV, forearm volume. The delta resembles the systemic rise of plasma bilirubin per intravenous dose and is depicted by the difference between the highest plasma bilirubin concentration observed upon each bolus infusion and the baseline bilirubin concentration observed prior to the administration of the intravenous bolus infusion concerned. BW, body weight.
displays the fitted individual curves of total plasma bilirubin concentrations upon the administration of the single intravenous bolus infusion of 2.9 mg bilirubin per kg body weight. Maximum total bilirubin plasma concentrations of 72, 76 and 86 μmol l À1 were observed in the three subjects studied, respectively. Pharmacokinetic parameters obtained from this analysis are listed in Table 4 .
Safety
In general, the administration of bilirubin was well tolerated. None of the experiments, including the one that was complicated by displacement of the intra-arterial needle and consequent extravasation of bilirubin, was associated with side effects during the administration. During the observation period, several adverse events were noted. An overview of all 13 adverse events is provided in the supporting information (Table S1 ). The majority of these events was mild, selflimiting and/or clearly unrelated. Three events deserve additional attention. First, one of the subjects suffered from a necrotizing appendicitis 10 days after the intra-arterial administration of bilirubin. The subject underwent surgery and fully recovered. The event was considered unrelated to our study by both the safety monitor and the independent surgeon. Although the possibility to withdraw informed consent was explicitly discussed, the subject decided to continue participation and did not show any adverse event during the second phase of the experiments. Second, one of the subjects demonstrated an asymptomatic self-limiting atrial rhythm with a right bundle branch block during the post-infusion observation period in the second phase of the study. An independent cardiology consultant considered the arrhythmia to be physiologic and unrelated to our study. Additional visits did not reveal any sign of side effects. Third, one of the subjects developed a rash 50 h after a single high dose intravenous bolus injection of bilirubin and albumin. An independent dermatology consultant considered the eruption due to atopic eczema and unrelated to our study. Additional haematological tests and clinical chemistry did not show any sign of systemic side effects. The rash vanished within days after topical application of corticosteroids and symptomatic treatment with cetirizine.
Discussion
Promising preclinical and observational human reports on bilirubin encourage a reintroduction of its parenteral human use for the purpose of translational research [6] . Despite a reasonable amount of data on pharmacokinetics and safety of parenteral human use of bilirubin from the past, the compound is currently not commercially available in a proper formulation for human use. Our data demonstrate that it is nevertheless feasible to prepare and apply bilirubin solutions for parenteral human use in accordance with GMP standards. Due to the exploratory nature of our experiments and the associated low number of subjects studied, our pharmacokinetics and safety results should be discussed in the context of previously reported data. Table 1 provides an overview of all available data on the former human use of bilirubin.
Production
The majority of previous publications on the human use of bilirubin report the use of sodium carbonate solutions with high alkalinity. In contrast to these reports, we dissolved bilirubin in sodium hydroxide and diluted this product in a solution with albumin in excess. Similar procedures have been Vss (l) 10.9 9.0 9.8 9.9 (1.0)
Data are presented as mean (SD). AUC, total area under the plasma concentration-time curve; AUMC, total area under the first moment of the plasma concentration-time curve; BW, body weight; CL, total plasma clearance; t 1/2,α , half-life of the distribution phase; t 1/2,β , half-life of the elimination phase; MRT, mean residence time; V 1 , volume of the central compartment; and Vss, volume of distribution at steady-state.
published before for animal experiments and a few human studies [11] [12] [13] [14] [15] [16] [17] [18] [19] . Apart from the beneficial reduction of alkalinity, this strategy is consistent with normal in vivo physiologic conditions in which unconjugated bilirubin is tightly bound to albumin [20] . In addition, albumin binding has been shown to augment the antioxidant activity of unconjugated bilirubin in vitro [21, 22] .
Pharmacokinetics
In preparation of future translational studies on the supposed beneficial impact of bilirubin, we aimed to explore the intra-arterial use of unconjugated bilirubin and verify the previously reported pharmacokinetic characteristics of intravenously administered unconjugated bilirubin. Our data demonstrate a predictable dose-concentration relationship for both routes of administration, facilitating the design of future translational studies on the therapeutic potential of bilirubin.
During the third phase of our experiments, we studied the pharmacokinetics of unconjugated bilirubin upon a single intravenous bolus infusion. The disposition of unconjugated bilirubin is highly determined by its strong binding to albumin. Its exchange between albumin in plasma and albumin in the interstitial fluid is allowed by a small free fraction, which is estimated to amount only 1/50 000 of total serum bilirubin [20] . The volume of distribution (Vss) found in our experiments (Table 4) corresponds to a normal albumin space of 9 l [23] . The two phases of the two-compartment model that was fitted to the plasma concentration-time curve relate to the initial distribution within the albumin space and the true bilirubin clearance by the liver. The corresponding halflives are in agreement with values recently predicted by a theoretical model based on the consequences of its strong albumin binding [20] . In the past, multiple studies on the clearance of intravenously administered bilirubin have been performed using either small trace-labelled amounts [11, 24] , larger non-radioactive dosages [25] [26] [27] [28] [29] [30] , such as in our experiments, or both [31] . Two-and three-compartment models with varying pharmacokinetic characteristics have been proposed. Comparison of data is complicated by the fact that the interpretation of the disappearance curve and selection of the most appropriate compartment model in these older reports was hampered by the lack of current insight into bilirubin physiology. Most authors falsely assumed the presence of a hepatic bilirubin pool [24, 26, 28] and did not consider the importance of the small free fraction of unconjugated bilirubin enabling exchange to albumin within the interstitial space. Notably, our experiments were not designed to gain detailed insight into the pharmacokinetics of bilirubin, but aimed to assess the applicability of our formulation for parenteral human use and explore its pharmacokinetic characteristics in comparison with existing data.
Safety
Whereas the actual administration of bilirubin was well tolerated, several adverse events occurred during the subsequent observation including an appendicitis, an asymptomatic cardiac arrhythmia and a pruritic rash. Although independent expert clinicians considered these events to be unrelated to our experiment, it should be stated that we cannot exclude a causal association between the events and the combined administration of bilirubin and albumin. Moreover, the limited size of our study does not allow any definite conclusion on safety issues. We therefore performed an extensive review of the literature covering over 1750 individual bilirubin infusions over the last century (Table 1 ). The earliest reports on the human use of bilirubin mentioned the occurrence of side effects consisting of transient chills and fever [32, 33] . Hinting at microbial contamination, these effects could be avoided by a switch to the exclusive use of fresh sterile solutions [32] . Moreover, immediate effects like flushing, tachycardia and headache have been mentioned upon the combined infusion of bilirubin and bile acids [33] . The contemporary use of bile acids obviously complicates the definite attribution of the side effects reported in this study. Importantly, no other study on the human use of bilirubin has mentioned the occurrence of these immediate effects. Finally, the use of large amounts of bilirubin dissolved in an unbuffered alkaline solution has been associated with the frequent occurrence of venous thrombosis [34] . These authors reported up to 30 infusions per subject and bilirubin plasma concentrations up to 500 μmol l À1 . Though less severe, others have reported mild soreness at the injection site in a few cases of highly dosed bilirubin infusions [27] . Notably, the vast majority of reports on the parenteral use of bilirubin have not mentioned any side effect related to its infusion. Several of these reports explicitly mentioned the absence of side effects, covering a total of 278 bilirubin infusions with plasma concentrations up to 150 μmol l À1 [35] [36] [37] [38] [39] .
In view of the available data, we feel confident to state that parenteral use of bilirubin is safe if produced under GMP conditions and applied in its current dosage and albumin bound formulation. Obviously, future studies should maintain focus on the early detection of side effects and it should be noted that bilirubin pigments currently available on the market are purified from either porcine or bovine gallstones. In our opinion only products of porcine origin should be used to nullify the theoretical risk of prion transmission.
Limitations
Several limitations of this study should be mentioned. First, the number of subjects included to test the applicability of our formulation is too low to permit conclusions on pharmacokinetics and safety characteristics on its own. In view of the yet available knowledge from former experiments and a recent theoretical model, we felt it was more appropriate to perform a thorough review of prior reports than to increase the sample size purely to confirm existing knowledge on these topics.
Second, we adjusted the bilirubin dosage to forearm volume for intra-arterial administration and to body weight for intravenous administration in order to minimize variability. This strategy resulted in fairly predictable and consistent bilirubin plasma concentrations. It should be noted though that both the forearm volumes and body weights of our subjects were quite similar and within normal range. Additional experiments are needed to confirm the applicability of our dose adjustment strategies in a study population with a larger inter-individual variability in forearm volume and body weight.
Third, the clearance of bilirubin demonstrates a significant inter-individual variability which is related to several genetic polymorphisms [39] . Most common is the Gilbert syndrome, which is due to a TA-insertion in the UGT1A1 promotor region and accompanied by a significantly reduced glucuronidation activity to approximately 30% of normal [40] . To avoid outliers as a result of the Gilbert syndrome, we excluded subjects with a plasma bilirubin concentration exceeding 10 μmol l À1 during the screening visit. Though less sensitive than the assessment of individual genetic polymorphisms, this approach sufficiently excludes subjects with the Gilbert syndrome [41] . In view of the relatively high prevalence of the Gilbert syndrome in the general population, the avoidance of outliers by the exclusion of subjects with high baseline bilirubin concentrations may have caused our clearance data to overestimate the average clearance capacity within the general population. Finally, we did not assess the impact of our formulation on endothelial function. Additional experiments in healthy volunteers are needed to compare endothelial function during the intra-arterial infusion of bilirubin and saline as control. To discern the effect of bilirubin from possible interference of co-administered albumin, subsequent proof of concept studies in subjects with endothelial dysfunction should ideally be performed with an albumin solution as control.
Conclusion
In conclusion, our study reopens the gate to the human parenteral use of bilirubin for the purpose of translational research. Larger studies are needed to evaluate the usefulness of adjusting dose regimens to either forearm volume or body weight and to study the influence of genetic variation on the elimination rate of bilirubin from plasma. Nevertheless, it appears feasible to corroborate the promising preclinical and observational data of bilirubin in human disease models. As such, our data provide a basis for further experiments on the beneficial antioxidant and anti-inflammatory effects attributed to bilirubin.
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